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Sustainable management of municipal solid waste (MSW) is a critical issue around the world, especially in South Asia where waste generation is expected to double by 2050. Closing the food-nutrient cycle through composting biodegradable MSW has the potential to meet human needs, including sanitation and food security, while protecting the environment. We use an interdisciplinary case study approach including systems thinking to assess Sri Lanka's national MSW composting system, which primarily receives residential and commercial food waste. We embed quantitative compost quality analysis and interviews at 20 composting facilities within a broader qualitative assessment informed by ~60 stakeholders in total. This approach yields insights on how institutional, economic, social, and biophysical aspects of the system are interrelated, and how challenges and solutions can create undesirable and desirable cascading effects, respectively. Such dynamics can create risks of composting facility failure and unintended consequences, diminishing the chances of achieving a sustainable circular food–nutrient system. Compost quality, which was variable, plays a pivotal role within the system—a function of program design and implementation, as well as a determinant of value capture in a circular economy. We make several recommendations to inform future efforts to sustainably manage biodegradable MSW using composting, drawing on our case study of Sri Lanka and prior case studies from other nations. Key among these is the need for increased emphasis on compost product quality and markets in policy and program design and implementation. Targeted measures are needed to improve waste separation, boost compost quality, effectively use compost standards, encourage compost market development, ringfence the revenues generated at municipal compost plants, and identify efficient modes of compost distribution. Such measures require adequate space and infrastructure for composting, resource investment, local expertise to guide effective system management, strong links with the agriculture sector, and continued political support.
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INTRODUCTION

Around the world, economic development, population growth, and urbanization have been linked to increases in per capita generation of solid waste, along with logistical challenges created by the increased concentration of waste in cities (Kaza et al., 2018). Poor management of this waste causes numerous environmental and human health problems, including degradation of aquatic ecosystems and water quality, impedance of stormwater flows causing localized flooding, disease transmission, respiratory problems linked to burning of waste, harmful effects to animals, and diminished tourism (Kaza et al., 2018). Achieving sustainable solid waste management remains a challenge across nations, including those in Asia, due to a combination of institutional, economic, social, and technical factors (Idris et al., 2004; Pariatamby and Fauziah, 2014; Kaza et al., 2018; Fernando, 2019). Waste generation in South Asia, which accounted for 17% of global waste generation in 2016, is projected to approximately double by 2050, reaching 661 million tons per year (Kaza et al., 2018). This expected magnitude of increase in waste generation is second only to Sub-Saharan Africa, and therefore current and future efforts to improve solid waste management in South Asia are critically important.

Within South Asia, Sri Lanka is an illustrative case. Waste collection and disposal in Sri Lanka has become a serious problem in recent decades due to increasing waste generation coupled with a lack of widespread, well-resourced waste management infrastructure, and the consequent open dumping and burning of discarded materials (van Zon and Siriwardena, 2000; Basnayake and Visvanathan, 2014; Fernando, 2019). Numerous programs have been established in response, including National Policy on Solid Waste Management (2007) and the Ministry of Environment and Natural Resources-led Pilisaru National Solid Waste Management Program (2008) (Basnayake and Visvanathan, 2014; JICA, 2016; Fernando, 2019). The responsibility of solid waste management in Sri Lanka ultimately is in the hands of local government entities, including municipal councils, urban councils, and Pradeshiya Sabhas, which rely on budgetary allocations from the central government, along with tax and non-tax revenues (Basnayake and Visvanathan, 2014; Fernando, 2019).

More than 60% of the municipal solid waste (MSW) generated in Sri Lanka is organic in nature and thus biodegradable, which is comparable to other nations in Asia including India, Thailand, and China (Basnayake and Visvanathan, 2014). Sri Lanka's Pilisaru Program included the establishment of >100 composting facilities around the nation to process biodegradable MSW (Figure 1; JICA, 2016). Composting is an attractive strategy for managing biodegradable MSW in Sri Lanka and elsewhere, with potential co-benefits including nutrient recycling to alleviate need for synthetic fertilizers, soil improvement, and climate mitigation (e.g., reduction of methane generation associated with decomposition of biodegradable waste in landfills and dump sites) (Samarasinha et al., 2015; Cordell et al., 2021). Closing of the food-nutrient cycle, through composting and other resource recovery and reuse strategies, offers the potential to help meet human needs, including sanitation and food security, while protecting the environment (Roy, 2017; Hanjra et al., 2018; Otoo and Drechsel, 2018). Furthermore, the National Adaptation Plan for Climate Change in Sri Lanka calls for increased use of organic matter to improve soil quality (Climate Change Secretariat, 2016). Most recently, the Sri Lankan government has restricted and banned the import of fertilizers and agrochemicals, with some observers cautioning that in the short term Sri Lanka does not have the capability to expand organic fertilizer production capacity sufficiently to meet current fertilizer use requirements (Beillard and Galappattige, 2021).
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FIGURE 1. Locations of composting facilities established in Sri Lanka's Pilisaru Program, with short-term biodegradable MSW (kg/day) in 2012 shown for the corresponding local authorities. Population in 2012 is also shown by local authority. Data source: Central Environmental Authority (2012).


It has been estimated that establishing facilities to recycle organic waste in Sri Lanka could decrease total waste management and chemical fertilizer costs by US$191 million to US$357 million, depending on the level of inter-provincial trade (Bekchanov and Mirzabaev, 2018). However, contamination of MSW-derived compost is a concern, with potential contaminants including pathogens, microplastics, potentially toxic elements, antibiotic resistance determinants, and other inorganic and organic pollutants, several of which remain infrequently measured (Dandeniya and Caucci, 2020; Gui et al., 2021). Compost quality, a concept which includes maturity and stability, physical and chemical properties, and pollutants, is inherent to the definition of compost: “the stabilized and sanitized product of composting, which has undergone an initial, rapid stage of decomposition, is beneficial to plant growth and has certain humic characteristics” (Bernal et al., 2009, 2017). Compost quality standards are needed to address specific concerns and general skepticism among potential compost buyers to help ensure adequate product markets (Samarasinha et al., 2015; Fernando, 2019). Currently, Sri Lanka Standard SLS 1634:2019 includes specifications for compost made from MSW, including general physical, chemical, microbiological, and biological requirements, as well as limits for potentially toxic elements (Sri Lanka Standards Institution, 2019; Dandeniya and Caucci, 2020).

Multiple previous studies have assessed aspects of Sri Lanka's composting system for management of biodegradable MSW. Basnayake and Visvanathan (2014) suggested that composting efforts in Sri Lanka have failed due to poor compost quality, high operational costs, and lack of financing. Furthermore, others observed that nuisance odors, leachate pollution, and increased density of wild animals and flies have negatively affected perceptions of composting operations in some regions, leading to protests, lack of compost business development, and lack of effective compost use (Samarasinha et al., 2015; Dandeniya and Caucci, 2020). Fernando (2019) identified a large number of institutional, economic, and social factors that influence solid waste management in Sri Lanka, including numerous factors that are particularly relevant for biodegradable MSW. These include regulatory frameworks, finances, waste separation, markets, labor, and availability of technology (Fernando, 2019). Bekchanov and Mirzabaev (2018) suggest that successful implementation of wide-scale composting projects will require better accounting and planning in the waste management system, greater public awareness about waste-derived environmental pollution, and better working conditions and safety in this sector. Previous case studies in other nations around the world also provide valuable insights on composting systems within circular economy efforts, including challenges faced and proven or potential solutions (Table 1).


Table 1. Summary of some previous assessments of MSW composting systems around the world, including challenges identified and solutions observed in practice or suggested.

[image: Table 1]

In this study, our objectives were to (1) build on existing assessments of Sri Lanka's national biodegradable MSW composting system using an interdisciplinary case study approach including systems thinking, and (2) inform future efforts to sustainably manage biodegradable MSW using composting within Sri Lanka and elsewhere.



MATERIALS AND METHODS


Theoretical Framework

We used a case study framework with embedded units of analysis (Yin, 2003). The case study framework is suitable for studying a contemporary waste management situation to which local “real-life” context is intrinsically linked and where the research team has little or no control (Metson and Bennett, 2015). We defined the main unit in our case study as the biodegradable MSW composting system of Sri Lanka, with emphasis on five districts in the southwest portion of the nation that collectively account for approximately three quarters of the short-term biodegradable MSW available for composting nationwide (Central Environmental Authority, 2012). Furthermore, we examined multiple embedded units (i.e., 20 composting facilities) to generate data that are more convincing and investigate broader topics than focus on a single facility would allow (Yin, 2009). We used a mixed methods approach to collect data and elucidate key system features, challenges, and factors that support success. This approach largely conformed to a concurrent embedded design as defined by Creswell (2009), with quantitative compost quality analysis embedded within a broader qualitative case study assessment (Figure 2). However, the multiple components of this study did allow for some sequencing where findings in earlier research tasks informed later ones. Finally, we examined MSW composting systems in Sri Lanka using systems thinking (Meadows, 2008), guided in part by a recent application in the context of resource recovery and reuse (Nedelciu et al., 2019).


[image: Figure 2]
FIGURE 2. Our case study framework with multiple embedded units and concurrent embedded design for data collection.


Our case study included the following elements: structured interviews with composting facility managers, compost quality analysis, and two stakeholder workshops. This study was determined to be exempt by the University of Vermont Institutional Review Board. The research information sheet, including survey questions and stakeholder discussion prompts, are provided in the Supplementary Materials.



Structured Interviews With Composting Facility Managers

We interviewed composting facility representatives at 20 MSW composting facilities in Sri Lanka (19 visited in March 2019, 1 visited in January 2020). The composting facilities included represent approximately 16% of the facilities established under Sri Lanka's Pilisaru Program (Central Environmental Authority, 2012), although a portion of those facilities are currently not in operation. These facilities were located within the districts of Colombo, Galle, Gampaha, Kalutara, and Ratnapura. We selected facilities based on access and location, striving to include both large and small facilities, spanning the urban-to-rural gradient. We obtained permission from local authorities prior to each facility visit. Interviews included a structured questionnaire covering operation parameters including feedstock (amount and sources of biodegradable MSW accepted), configuration and duration of the composting process, finished compost materials (ratio of biodegradable MSW to finished compost, amount of compost produced, compost quality testing), and compost sales. We then asked interviewees to describe past and current challenges, initiating a brief dialogue concerning key factors that hinder or enable success at the facility. We recorded interview responses by hand.



Compost Quality Analysis

In preliminary project team meetings and conversations with stakeholders in Sri Lanka, it became evident that uncertainty concerning the quality of MSW compost in Sri Lanka was potentially a critical factor influencing the overall system. Therefore, we assessed compost quality at the same 20 individual MSW composting facilities where we interviewed compost facility representatives. Following interviews, we collected multiple sub-samples of finished compost using a handheld scoop from piles or bags and combined them into a single composite sample for analysis. We stored samples in sealed polyethylene bags within a cooler with ice packs until delivery to the laboratory. To avoid contamination, we washed and disinfected sampling equipment between facilities. Compost samples were analyzed at the Industrial Technology Institute in Colombo for moisture, pH, conductivity, organic carbon, C:N ratio, major macronutrients (N, P, K), other macronutrients (Ca, Mg), heavy metals (Cd, Cr, Hg, Pb, Ni), fecal coliforms, and Salmonella.



Stakeholder Workshops

We held two stakeholder workshops in Sri Lanka during January 2020, one in Colombo and one in Ratnapura. The Colombo workshop, held at the headquarters of the International Water Management Institute, was attended by 11 representatives from composting facilities visited during this project, 11 additional attendees representing various stakeholder groups (Central Environmental Authority, Department of Agriculture, plantation sector, and NGOs), and project team members. This workshop included a presentation of compost quality results by the lead author, a panel discussion including agricultural sector representatives on compost use, and facilitated roundtable discussions. Additionally, representatives from composting facilities were given an opportunity to provide written answers to the following questions: What are the key problems or challenges that you face at your compost facility? What key solutions have improved your composting operation? For the Ratnapura workshop, 30 individuals in addition to our project team members participated, including 24 stakeholders from the tea sector and 6 academics focused on agriculture in the district. The format of the Ratnapura workshop included a presentation of compost quality results by the lead author followed by a facilitated discussion with participants focused on compost use in the tea sector. Stakeholder workshop discussions were moderated and recorded in written format by the project team, including translation for English and Sinhala. Field notes were coded and grouped by themes.



Data Analysis

For compost quality data, we determined summary statistics and compared our results to the standards specified in the SLS 1634:2019 standard for compost made from MSW (Sri Lanka Standards Institution, 2019). We also compared our heavy metals results to alternative compost standards from outside of Sri Lanka, which are in some cases more stringent (British Standards Institution, 2011; European Union, 2015). To investigate factors leading to fecal coliform detection in composts, we used logistic regression to model the binary outcome from fecal coliforms testing (1 = meets SLS 1634:2019 standard, 0 = does not meet standard). Our initial model included a binary moisture content predictor (1 = meets SLS 1634:2019 standard, 0 = does not meet standard), C:N ratio (also as binary for meeting standard or not), facility size (i.e., compost produced per month), and composting duration (months). Each of these variables can potentially affect the survival of fecal coliforms in MSW compost (Brinton et al., 2009). We used the glm() function in R version 3.6.3 with family set to binomial(“logit”), followed by the step() function for stepwise model selection based on the Akaike information criterion (AIC).

In total, approximately 60 individuals participated in this study, in either the semi-structured interviews at composting facilities, a stakeholder workshop, or both. We analyzed data from interviews and stakeholder workshops in multiple ways. First, we quantified some of the qualitative data obtained from composting facilities (e.g., counts for compost markets sold to, challenges faced by composting facilities, solutions identified at composting facilities) (Creswell, 2009). Second, we examined multiple levels in our system and the validity of some information collected (e.g., comparison of quantitative compost analysis with stakeholder perspectives on compost quality and how it affects system success) (Creswell, 2009). Furthermore, we used coding and the constant comparison method to analyze interviews and stakeholder workshop records to build an explanation for what key factors can hinder or facilitate success of Sri Lankan composting systems (Boeije, 2002; Yin, 2009; Metson and Bennett, 2015). We illustrate our results using a causal loop diagram (Nedelciu et al., 2019), including causal links between system components and emphasizing key challenges and solutions identified during interviews and stakeholder workshops. This description of the system, including both direct and indirect links among components, allows identification of different loops and potential cascading effects.




RESULTS


Characteristics of Composting Facilities Included in Study

The 20 composting facilities included in this study received 1 to approximately 500 tons (t) of biodegradable MSW feedstock per day. Facility managers reported that the mass of compost produced equaled 19 ± 7% of the initial feedstock, equating to ~3 to ~3,000 t of compost produced monthly (<10, 10–100, 100–1000, and >1000 t compost per month at 8, 8, 3, and 1 facilities, respectively). Municipal solid waste feedstocks received came from (in order of decreasing magnitude on average) household kitchen waste, shops and markets, hotels, small restaurants, and other sources (schools, government institutions, factories). Use of animal manure was rare and in small amounts. For example, one facility used cow dung to help balance C:N ratio, but this was greatly limited by cost, while another facility accepted small amounts of residues from poultry slaughter houses. Only one of the 20 facilities accepted human fecal sludge, but this material was processed in a separate parallel composting process so that the facility made two compost products: one derived from biodegradable MSW (included in this study) and another that was derived from co-composting of biodegradable MSW and fecal sludge (not included in this study).

The composting process was similar across most facilities (Figure 3), with common practices including: windrow composting with turning every 7–14 days, windrow size of ~1–2 m tall ×1.5 m wide with variable length, resting periods (e.g., 2 weeks) before or after rotary sieve, and recycling of coarse solids removed by sieve back to new windrows to help control moisture. Total composting duration varied from 1.5 to 4 months (mean = ~3 months). Finished compost was reportedly tested at a wide range of frequencies (0.5–12 times per year), with testing every 3–4 months being most common. Test indicators commonly mentioned included NPK, pH, fecal coliforms, and heavy metals.


[image: Figure 3]
FIGURE 3. Municipal solid waste (MSW) composting systems in Sri Lanka, illustrating the composting process, marketing/sales, and food system components. All photos by E. Roy.




Compost Quality Analysis

Seventeen MSW compost quality parameters measured for the samples collected in this study (n = 20) and included in the SLS 1634:2019 standards (Sri Lanka Standards Institution, 2019) are shown in Table 2. On average (±1 standard deviation), compost facilities met 78 ± 9% of the 17 SLS 1634:2019 standards assessed here (min = 65%, max = 100%), indicating variable MSW compost quality. Only one facility's compost met all 17 standards. Parameters for which standards were commonly not met included moisture, conductivity, C:N ratio, K2O, and Mg (Table 2). Macronutrients, including N, P, and K, showed relatively wide ranges, indicating that the soil fertility value of these compost materials can likely vary substantially (Table 2).


Table 2. Compost quality parameters for samples collected from MSW composting facilities in Sri Lanka (n = 20) compared to the SLS 1634:2019 Standards (Sri Lanka Standards Institution, 2019).

[image: Table 2]

All 20 compost samples met the SLS 1634:2019 standards for heavy metals, which are more lenient than the EU Eco-Label in some cases (European Union, 2015). However, EU Eco-Label standards for heavy metals were also met in all cases except cadmium for six samples (1.1–2.6 mg Cd kg−1). Four of these six samples also failed to meet the cadmium standard in UK PAS100:2011 (British Standards Institution, 2011).

Salmonella was not detected in any compost samples. Fecal coliforms were detected in 9 out of 20 compost samples at counts ranging from 2 to >100 MPN/g. Any detection of fecal coliforms indicates failure to meet the SLS 1634:2019 standard, which is more stringent than compost standards elsewhere (e.g., EU Eco-Label standard for E. coli is <1,000 MPN/g; European Union, 2015). In the stepwise logistic regression model to predict the binary outcome from fecal coliforms testing (1 = meets SLS 1634:2019 standard, 0 = does not meet standard), the best model based on AIC included only the binary moisture content predictor (1 = meets SLS 1634:2019 standard, 0 = does not meet standard). In this model, the binary moisture content predictor was significant (p = 0.0333). These results indicated that not meeting the SLS 1634:2019 moisture standard (i.e., relatively wet compost with moisture content >25%) increased the odds that the compost did not meet the fecal coliform standard by a factor of 9.33.



Compost Markets

The 20 MSW compost facilities sold compost a variety of user types, with the most common being households, tea producers, rice paddy farms, vegetable and/or fruit farms, and flower shops (Figure 4A). Most facilities (75%) sold compost to 2–3 types of compost users (Figure 4B). Compost was commonly sold in bags (e.g., 2, 5, 10, or 50 kg) or loose in bulk for prices ranging from Rs. 5 to 15 per kg depending on quantity (bag vs. bulk) and facility. Various strategies are being used to market and sell MSW compost, including: onsite plant displays (Figure 3), promotions through agricultural instructors, signs/labels, selling bags onsite, out of nearby stalls, or in government offices, establishing contracts with dealers who distribute to farmers or flower shops, signing agreements with plantations, sourcing material for large landscaping projects, co-location of organic compost and crop distribution hubs, and offering free transportation. For 8 out 20 facilities (40%), the amount of compost produced (when processing all biodegradable MSW received) reportedly exceeded demand for their compost product.


[image: Figure 4]
FIGURE 4. (A) Compost user types purchasing compost from the 20 municipal solid waste (MSW) composting facilities included in this study. (B) Number of primary compost user types for individual MSW composting facilities.




Key Challenges and Factors That Support Success

Composting facility representatives reported numerous challenges (Table 3) and factors that support success (Table 4). During on-site interviews, facility representatives frequently mentioned two challenges: space constraints (12 out of 20 facilities) and insufficient market demand for compost (8 out of 20 facilities). Reported effects of space constraints included reduced capacity for accepting and composting biodegradable MSW, open dumping, limitations on composting duration, windrows located outside of roof cover, and reduced capacity for storing excess compost when market demand is lacking. Reported strategies for dealing with excess compost when market demand is lacking included stockpiling on site (when space is available), delaying compost production to match demand if possible, and providing compost for free to farms or government (when no storage space exists). Written questionnaire results at the Colombo workshop confirmed that space constraints and insufficient market demand are key challenges, while facility representatives also mentioned poor waste separation and lack of technology with relatively high frequency, along with 12 additional challenges (Table 3). Challenges mentioned during on-site interviews but not in the written questionnaires at the Colombo workshop included flies, compost consistency, lack of compost testing, marketing, competition with private sector fertilizer companies, and low nutrient content of compost. Challenges have forced some facilities offline. For example, 9 out of 13 composting facilities in the Galle district that we contacted in March 2019 were reportedly not in operation at that time.


Table 3. Key challenges identified by composting facility representatives in written questionnaires at the Colombo stakeholder workshop.
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Table 4. Key actions taken to solve problems identified by composting facility representatives in written questionnaires at the Colombo stakeholder workshop.

[image: Table 4]

Agricultural sector representatives shared several important insights during the stakeholder workshops on key challenges limiting successful reuse of composted MSW. First, poor, uncertain, or variable MSW compost quality is reportedly an important factor limiting compost use in agriculture. Specific compost quality concerns expressed included high sand content, high C:N ratio with low N content (limiting crop yield benefits), odor, pathogens, heavy metals, chemical residues, contamination with inert materials (e.g., glass, plastic), and weed seeds. Second, multiple workshop participants commented on the lack of organized compost testing and certification of composts meeting standards with clear labeling on products. A tea plantation representative commented that compost testing for standards is currently too expensive. Third, agricultural sector workshop participants conveyed that best practices for compost use, including application rates and timing, are not widely known among farmers.

Facility representatives reported a number of actions taken to solve problems and improve their composting operations (Table 4). Solutions mentioned multiple times in written questionnaires completed at the Colombo workshop included purchase of new machinery/technology, space expansion, public awareness campaigns for waste separation, and increased awareness of compost benefits. Twelve additional solutions were reported in the written questionnaires (Table 4). Additional solutions not shown in Table 4 were reported during on-site interviews, including adjustments to tipping fees for biodegradable MSW vs. non-biodegradable MSW, leachate management, expanding roof coverage, and new agreements with buyers of bulk compost in large quantities.

Prospective solutions offered by agricultural sector representatives during the workshops included strategies to reduce uncertainty regarding compost quality, making compost more accessible to farmers through efficient distribution, and increasing compost nutrient content. According to the participants, clear labeling is needed that confirms compost meets SLS standards, provides information on material characteristics (NPK at minimum), and recommends application rates. Two participants, including a tea factory representative, suggested that the National Fertilizer Secretariat be responsible for testing and certifying composts, as they are for inorganic fertilizers. There was widespread agreement among participants in the Ratnapura workshop that tea factories could serve as an intermediate node in the distribution of compost from compost facilities to smallholder tea farmers, a system that is already in place for inorganic fertilizer.

To overcome low nutrient content, stakeholder workshop participants (including agricultural sector and composting facility representatives) suggested mixing additives into MSW compost, such as rock phosphate, treated fecal sludge, partially burned rice husks, urine, or urea. However, one tea plantation representative commented:

“If the MSW compost includes fecal sludge, there should be assurances given that no contaminants are present and before use there needs to be an awareness program concerning compost quality for farmers and the neighboring communities. We need to keep tea to a high standard to export.”

Participants at the Ratnapura workshop remarked that the combination of inorganic fertilizer and compost can be effective, but also that existing organic certification and associated price premiums restrict mixed-use potential. Another agricultural sector participant suggested combining compost applications with use of N-rich organic fertilizers.

Our case study revealed several important dynamics for Sri Lanka's MSW composting system, spanning the sorting of MSW, composting operations, and the agriculture sector where compost is used (Figure 5). A key reinforcing loop can exist whereby insufficient compost market demand limits resources at composting facilities, which can reinforce technology and labor constraints as well as inadequate physical infrastructure, thereby limiting compost process optimization and reinforcing relatively poor compost quality that detracts buyers. This entire reinforcing loop was not present for most compost facilities, but it was hampering the success of several facilities. Figure 5 also illustrates how both challenges and solutions can have undesirable and desirable cascading effects, respectively. For example, poor waste separation by community members that contaminates MSW feedstocks can ultimately influence compost quality and market demand, as well as environmental pollution. As an example solution, site expansion to alleviate space constraints and add roof cover can possibly improve compost quality (and in turn increase market demand), as well as reduce the risk of environmental pollution. This solution along with others in Figure 5 identified by compost facility representatives and/or agriculture sector stakeholders offer leverage points for continued success or, where needed, positive system transformation. However, key among the solutions in Figure 5 is government policy and funding. Relatedly, political commitment from key government officials (e.g., head of local authority) is critical and can influence workers' motivation and the introduction of proper monitoring systems for composting operations. Despite the existence of a national solid waste management policy, multiple stakeholders expressed concern that a comprehensive policy framework for biodegradable MSW composting in Sri Lanka moving forward is still lacking. Based on this feedback and our observations of the system, it seems that high level policy frameworks need to be complemented by operative guidelines, implementation plans, action plans, and standard operating procedures in order to be effective at the local level (also see Kuruppuge and Karunarathna, 2014).
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FIGURE 5. Causal loop diagram showing the main dynamics of MSW compost systems in Sri Lanka as identified from interviews and stakeholder workshops. Color gradients indicate identification by both compost facilities and the agriculture sector. Dotted red arrows with (–) symbol indicate decrease (e.g., lack of resources can decrease roof cover and concrete pad). Solid blue arrows with (+) symbol indicate increase (e.g., regular compost testing can increase process optimization for good compost quality).





DISCUSSION

Our results provide several insights into the influences of compost quality along with institutional, economic, and social factors in Sri Lanka's biodegradable MSW composting system.


Compost Quality

Several stakeholders participating in this project expressed concerns about the quality of compost derived from biodegradable MSW, echoing concerns stated in the literature (Basnayake and Visvanathan, 2014; Samarasinha et al., 2015; Waqas et al., 2017; Fernando, 2019; Dandeniya and Caucci, 2020). These concerns largely fall into two categories: (1) contamination and (2) limited benefits for crops. Furthermore, our systems analysis helps illustrate how compost quality is pivotal within the overall MSW composting system—a function of program design and implementation, as well as a determinant of value capture in a circular economy (Figure 5).

Of the compost quality parameters tested in this study, the presence of fecal coliforms appears to be the most common contamination risk in Sri Lankan MSW-derived compost products. Fecal coliform tests do not necessarily indicate the presence of pathogenic organisms (Doyle and Erickson, 2006), but previous research has shown strong correlations between the fecal coliform test and specific microorganisms of concern, indicating that it is a useful hygiene indicator (Brinton et al., 2009). We found that the detection of fecal coliforms was more likely when the finished compost was characterized by elevated moisture content. Based on this observation and mechanisms discussed in the literature, we hypothesize that avoiding excess moisture is especially important for pathogen destruction during composting of MSW in Sri Lanka. Biodegradable MSW feedstocks in Sri Lanka are commonly dominated by kitchen waste (e.g., Figure 3), which typically has high moisture content (Kumar et al., 2010). Optimum moisture content of about 60% should be maintained for effective composting in the windrow method (Weerasinghe et al., 2017). Excess moisture can decrease oxygen penetration into windrow piles, resulting in the development of anaerobic zones following a period of fast degradation (Richard et al., 2002). This in turn decreases rates of microbial respiration and possibly the likelihood of uniformly high temperatures required for pathogen destruction (Bernal et al., 2017). Additionally, pathogen regrowth might occur in immature compost when biomass has not been degraded well (Bernal et al., 2017). Options for adjusting moisture content (and in turn O2 availability) during MSW composting include adjusting the feedstock recipe (e.g., inclusion of bulking agents), changing the frequency of windrow turning, altering windrow size, or providing roof cover to limit addition of water to windrows during rain events (Bernal et al., 2017). Implementation of aeration technology could possibly be useful in some cases, with the added benefit of reduced labor cost (De Silva and Yatawara, 2017), but might be prohibitively expensive to install and maintain in other cases. Experimental research is needed in Sri Lanka to better elucidate the effects of these potential management strategies on MSW compost moisture dynamics and fecal coliform detection. The ability to make such changes in practice depends on the availability of resources (e.g., access to feedstock ingredients, labor to turn piles, space and financial support required for roof construction, aeration technology, or alternative windrow management schedules). Moisture management via optimized aeration can also be an important odor prevention measure (Wei et al., 2017).

Our compost quality results indicate that heavy metals are not a common contamination risk for MSW-derived composts in Sri Lanka based on existing standards (Table 2). The only potential exception is cadmium (Cd), which exceeded UK and EU standards for four and six facilities, respectively, but not the less stringent Sri Lankan standard. Research in India has shown that use of MSW compost in tea cultivation can increase tea yield, but also the total Cd concentrations in soil and plant parts. However, average daily intake levels of Cd through tea infusion suggested no health hazard (Karak et al., 2018). Future risk management efforts should include both efforts to achieve better source separation of biodegradable materials in MSW prior to composting, as well as monitoring of Cd and other heavy metals in soils receiving repeated applications of MSW compost over time (Wei et al., 2017; Karak et al., 2018).

The Sri Lanka MSW compost standard specifies that composts be free of visible non-biodegradable materials except sand (Sri Lanka Standards Institution, 2019). Sieving of finished compost helps facilities meet this requirement despite foreign matter (especially plastic) present in the MSW feedstocks (Dandeniya and Caucci, 2020). However, this standard and other existing ones do not necessarily guarantee that composts are free of microplastics, or other pollutants of emerging concern (Dandeniya and Caucci, 2020; Gui et al., 2021). There has been very limited research on pollutants of emerging concern in composts around the world, including in Sri Lanka. Future studies of MSW composting in Sri Lanka are needed to assess risk posed by organic pollutants and bio-aerosols, microplastics, and antibiotic resistance determinants (when feedstocks include animal manure or fecal sludge) (Dandeniya and Caucci, 2020; Thakali and MacRae, 2021). Routine monitoring of compost quality is already prohibitively expensive in Sri Lanka according to some stakeholders, so it is likely unrealistic to expect pollutants of emerging concern to be routinely monitored in compost products in addition to the existing standards. However, risk assessment studies and continued efforts to improve source separation of biodegradable MSW are important next steps to ensure compost safety.

Stakeholders from multiple sectors commented that limited benefits of MSW composts for crop yield is a key impediment to greater use of this material for soil management in Sri Lankan agriculture. We observed generally low macronutrient nutrient levels in the composts tested, especially K, Mg, and Ca, which frequently were below the required levels in Sri Lanka Standard SLS 1634:2019 (Table 2). In cases where composting is performed without roof cover in the tropics, intense rainfall events can potentially result in nutrient leaching (Faverial et al., 2016). High C:N ratios exceeding the upper limit of 25 in the Sri Lanka standard for 40% of composts tested in this study indicate that N fertilization effects will likely be limited by N immobilization in these cases (Amlinger et al., 2003). Kitchen waste feedstocks typically have a low C:N ratio (Adhikari et al., 2008). Therefore, our observations of finished composts derived in large part from kitchen waste with high C:N ratios suggest substantial N loss during composting, which can result from rapid mineralization of N and subsequent ammonia volatilization (Jiang et al., 2011), or potentially leaching (Faverial et al., 2016). N loss as ammonia and potentially other organic N-based compounds can also be a primary source of odor during MSW composting, along with carbon- and sulfur-based compounds (Wei et al., 2017). Odor has been highlighted in other nations (Meyer-Kohlstock et al., 2015), in previous assessments in Sri Lanka (Samarasinha et al., 2015; Dandeniya and Caucci, 2020), and by some stakeholders in this study as a key problem in the MSW composting system, illustrating another connection between technical aspects of composting and human perceptions of the overall system. More research is needed in Sri Lanka to identify effective and economic options for (1) feedstock ingredients for co-composting with MSW, and (2) materials for co-application with MSW compost to soils to improve the fertility value of MSW-derived compost.

Electrical conductivity was the standard least frequently met for the composts analyzed, with 15 out of 20 having values greater than the upper limit (4 mS cm−1) in Sri Lanka Standard SLS 1634:2019 (Table 2). Others have also observed elevated conductivity values in organic amendments derived from food waste and biodegradable MSW (O'Brien et al., 2020; Siles-Castellano et al., 2020). For example, researchers in Spain reported high conductivity (>10 mS cm−1) in MSW composts, which they linked to poor seed germination (Siles-Castellano et al., 2020). Many soluble salts are nutrients beneficial to plants, while Na+ and Cl− are of particular concern for phytotoxicity, soil salinity, and soil sodicity (Gondek et al., 2020). However, there is little agreement on how to classify salts in organic amendments and what, if any, limits should be set (Brinton, 2000), as the negative influence of soluble salts in compost depends on the specific soluble salts present, salt tolerance of the plant species, and whether the compost is blended with soil or other media (Gondek et al., 2020). The Sri Lankan standard is in line with recommendations available in the United States. For example, the University of Maine Soil Testing Lab in the US recommends that final compost blends with soil or container media/potting mixes have conductivity values <4 mS cm−1. Compost characterized by a high conductivity can be mixed with soils or other materials to ensure that it does not cause salt stress to plants and instead enhances crop yields (Gondek et al., 2020). Additionally, bulking agents can be used during composting to reduce conductivity in the overall feedstock (Gondek et al., 2020). Experimental investigations are needed to examine the effects of repeated applications of MSW compost to salt-affected soils, especially in drought-prone areas (Meena et al., 2019). Germination tests can be used in combination with conductivity measurements to better proxy potential phytotoxicity (Siles-Castellano et al., 2020).



Institutional, Economic, and Social Factors

Based on our results and prior literature (Samarasinha et al., 2015; Fernando, 2019; Dandeniya and Caucci, 2020), there are clearly several key institutional, economic, and social factors that influence success, and lack thereof, within Sri Lanka's national biodegradable MSW composting system. According to composting station managers, failure to allocate adequate space and resources during composting program design and implementation can create cascading negative effects throughout the composting system, ultimately limiting compost quality, environmental protection, and public perceptions (Figure 5). However, poor management of composting stations can also create similar challenges (e.g., unsorted waste builds up, reducing usable space)—and further work is needed to understand the relative roles of design vs. management in causing space constraints. Space constraints are difficult to overcome in areas of high population density and very limited open land, especially in and around Colombo. Additionally, financial barriers, as well as ineffective program management, can exacerbate challenges in compost production by limiting access to technology, labor, and markets (Fernando, 2019). For example, during an interview with government officials in one location where the composting facility had recently been closed, we learned that a broken rotary sieve had precipitated the failure of the entire facility. Funds were not available to replace the machine, and local laborers were unable to fix it, so the composting operation ceased. Lack of financial management is a broader challenge beyond this one example. Most compost plants are unable to ringfence the revenues that they generate as the funds are all pooled into a larger municipal revenue/funds bucket which then gets “lost.” We therefore recommend that municipalities ringfence revenues so that they are able to allocate funds for repairs, etc., when needed.

In some cases, compost operators have adapted to space and resource constraints in ways that can degrade compost quality and create risks for human health and the environment, including composting outside of roof cover, reducing composting duration, and accepting less material which inevitably increases open dumping. Therefore, the intended goals of sanitation, resource recovery, and environmental protection can only be achieved with adequate financial investment, continued facility support, careful site planning, good operational and monitoring practices, good market linkages, political commitment, and local expertise. A stronger national policy is critical to facilitating the allocation of required funds from the central government to local authorities, creating a better regulatory environment for solid waste management, and establishing supportive organizations (Fernando, 2019).

Additionally, more emphasis on compost market development is needed to enable success (i.e., sustainability of compost plants generally). Eight out of 20 facilities included in this study were unable to find adequate markets for their compost products. Furthermore, stakeholders from the tea sector indicated that poor or uncertain compost quality is likely to depress compost demand. Ensuring high compost quality is key to establishing and maintaining markets and therefore a stronger national policy would include support for public awareness campaigns to improve source separation of biodegradable MSW, regular compost testing informed by the scientific community, accurate labeling by a respected entity (e.g., National Fertilizer Secretariat), support for acquiring additional feedstocks to use in co-composting that results in a higher quality product, and the aforementioned support at facilities to remove constraints on optimal compost processing. Furthermore, it is essential in program design and implementation to facilitate connections between compost suppliers and potential buyers. This could include support for marketing efforts, making connections between composting facilities and the plantation sector, or leveraging existing fertilizer distribution networks to make MSW compost accessible to smallholders. The Ministry of Agriculture could play a role through their extensive extension programs in educating farmers on the benefits of compost use, which extend beyond the provisioning of nutrients (Bernal et al., 2017). Policy that makes organic fertilizers more competitive on the market—whether it is a subsidy program for organic fertilizers or a program that requires farmers to purchase a certain quantity of organic fertilizer in order to “cash-out” the subsidy of inorganic fertilizers—is also important. Currently, there are plans to form an organic fertilizer authority and provide compost/manure under the fertilizer subsidy scheme. In the recent fertilizer subsidy scheme, only inorganic fertilizer has been provided, which distorts the fertilizer market and leads to low demand for compost, especially when it comes to paddy and other commercial crops.

Finally, a stronger national policy would also provide better incentives and safety provisions for the required labor force (Fernando, 2019). Silberg et al. (2013) provide some evidence from Guatemala that net profits for MSW composting fell when inexpensive unskilled labor was used. Future research should rigorously investigate the potential connections between compost quality, program success, composting operation management structure, pay and incentives for laborers, and on-site environmental health and safety.



Conclusions

Our analysis shows how institutional, economic, social, and biophysical aspects of the MSW composting system in Sri Lanka are interrelated, where challenges and solutions can create undesirable and desirable cascading effects, respectively. This creates the potential for facility failure and unintended consequences. Compost quality is pivotal within the overall MSW composting system—a function of program design and implementation, as well as a determinant of value capture in a circular economy. We observed variable compost quality based on existing standards, with high moisture content, high conductivity, high C:N, low macronutrients, and presence of fecal coliforms being the most common indicators of poor compost quality. However, many composts did largely exhibit high quality based on the parameters tested and current standards, so broad generalizations about MSW compost quality in Sri Lanka are not possible, creating uncertainty for potential compost buyers. Our analysis confirms many of the challenges suggested in previous studies, including past case studies of food waste composting systems outside of Sri Lanka (Table 1), such as improper waste sorting, poor or uncertain compost quality, and insufficient compost market demand and financial resources. We also identified several key solutions that can enhance the sustainability of biodegradable MSW composting operations in Sri Lanka. These include public awareness campaigns to improve waste separation, adequate funding and space for composting operations, use of additional feedstocks for co-composting to improve compost quality, regular compost testing and comparison to standards, emphasis on market development, and leveraging of existing fertilizer distribution networks. We recommend that these solutions also be explored in other locations outside of Sri Lanka, especially those having similar composting system challenges, MSW characteristics, and economic conditions. More emphasis on improving compost quality and establishing reliable compost markets is critical for success in efforts to establish sustainable circular food-nutrient systems.
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Challenges identified

« Lack of a shared vision about the role of government,
private sector, and citizens, in producing high quality
compost

* Cultural inertia, lack of knowledge, and lack of
infrastructure

« Limited space for urban agriculture and training for use
of compost

* Roadside food waste collection containers are
unpopular due to space requirements, uncleaniiness,
and odors

« Poor compost quality, including heavy metals and
glass/plastic particles too small to be screened out
(both linked to use of hammer mills or shredders prior
1o composting)

« Long collection intervals have led to some protests
from citizens fearing hygienic issues and bad smells

« The effective demand for compost for agricutural
purposes is marginal and limited by farmers' transport
costs

« Compost must be low-cost but nutrient-rich to
compete with abundant and cheap poultry manure

* Poor and variable compost quality

* Entrepreneurs lacked knowledge of total inputs
needed/used for compost operation and effective
financial record keeping

* Net profits fell when inexpensive unskilied labor was
used and when an operation’s infrastructure deterred
access to transport

* Need for a user friendly (low odor) and affordable
collection system

o Lack of public acceptance

* Difficult for households to obtain high C:N materials
(bulking agents)

* Unpleasant odor in household applications

o Improper waste sorting

* Medium quality compost due to partial or
non-compliance with some of the testing parameters

* Composts produced using food waste were incapable
of improving the quality and fertiity of sandy soils and
the growth of crops, due to low organic matter,
nutrient contents, and water holding capacity along
with high moisture contents, nitrification index, and
‘ammonia emissions

* Few facilties can gain profits due to small scale and
low market value

* Low anticipated use of curbside food waste pickup
program in rural state

* Unwilingness to pay anything additional for food
waste pickup in rural state

Solutions observed in practice (o) or suggested (s)

» Expansion of rban agriculture connected to waste
management activities (s)

« Linking ke stakeholders to co-create shared visions
about how to produce high quality compost (s)

* Some municipalities have implemented door-to-door
collection, achieving greater food waste diversion
rates (o)

« Improved mechanical processing technology (o)

« Improved community sorting of waste (o)

* Most municipalities have moved to weekly bio-waste
collections during warm season (o)

+ Additional consideration of the demand of the
construction sector can increase amount of organic
MSW transformation and utiization (s)

« Public subsidies to support production of low-cost,
nutrient rich compost (s)

+ Establishment of quality assurance procedures and
mechanisms (5)

* Development of EU compost quality standards to
harmonize compost markets (s)

+ Training programs for micro-enterprise development
that include instruction on effective composting
practices, recordkeeping, compost quality, and good
business practices (s)

+ Provision of information on total variable costs, total
revenue, and consumer accessibility by Extension
agents ()

« To achieve high participation and diversion rates, most
municipalities adjusted the food waste collection
interval to twice per week, and four times per week in
warm season for some locations (0)

+ Increase in landfiling costs to establish financial
viabilty for the composting system (s)

« Establishment of multi-actor partnerships (s)

* Attractive rewards for proper waste sorting (s)

* Promote compost use in agriculture and encourage ts
use through subsidies (s)

+ Pursue optimized composting facilties using natural
zeolites and biochar (s)

+ Direct marketing can avoid distribution costs and
improve net profits (o)

* Asubsidy to compost producers is needed to expand

the market demand (5)

Compost product standards should be regulated (s)

Greater investment in education and infrastructure for
home composting in rural areas (s)
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